We present a systematic compilation of previously published Holocene proxy climate records from the Arctic. We identified 170 sites from north of 58 • N latitude where proxy time series extend back at least to 6 cal ka (all ages in this article are in calendar years before present -BP), are resolved at submillennial scale (at least one value every 400 ± 200 years) and have age models constrained by at least one age every 3000 years. In addition to conventional meta-data for each proxy record (location, proxy type, reference), we include two novel parameters that add functionality to the database. First, "climate interpretation" is a series of fields that logically describe the specific climate variable(s) represented by the proxy record. It encodes the proxy-climate relation reported by authors of the original studies into a structured format to facilitate comparison with climate model outputs. Second, "geochronology accuracy score" (chron score)
is a numerical rating that reflects the overall accuracy of 14 Cbased age models from lake and marine sediments. Chron scores were calculated using the original author-reported 14 C ages, which are included in this database. The database contains 320 records (some sites include multiple records) from six regions covering the circumpolar Arctic: Fennoscandia is the most densely sampled region (31 % of the records), whereas only five records from the Russian Arctic met the criteria for inclusion. The database contains proxy records from lake sediment (60 %), marine sediment (32 %), glacier ice (5 %), and other sources. Most (61 %) reflect temperature (mainly summer warmth) and are primarily based on pollen, chironomid, or diatom assemblages. Many (15 %) reflect some aspect of hydroclimate as inferred from changes in stable isotopes, pollen and diatom assemblages, humification index in peat, and changes in equilibrium-line altitude of glaciers. This comprehensive database can be used in future studies to investigate the spatio-temporal pattern of Arctic Holocene climate changes and their causes. The Arctic Holocene data set is available from NOAA Paleoclimatology.
Introduction
Describing the spatio-temporal pattern of climate transitions provides insight into the relation between the mean climate state and dynamical aspects of climate change at the regional scale. This requires a large network of well-dated and well-resolved proxy climate records that captures the details of past climate variability. Such a synthesis of proxy climate time series can be used to assess the occurrence and strength of regional climate patterns and periodicities, and is needed for comparisons with the output of climate models. Databases that provide ready access to a large volume of information in a coherent, logical and flexible format will facilitate new research and accelerate discovery in climate science (Overpeck et al., 2011; Emile-Geay and Eshleman, 2013) .
Previous Holocene palaeoclimate syntheses have emphasized time slices, especially of 6 ka (all ages in this article are in calendar years before present -BP), and have relied heavily on pollen from terrestrial records (e.g. Bartlein et al., 2011) , or have emphasized sea-surface temperatures from continental margins (Marcott et al., 2013) . A relatively comprehensive database of available proxy data of all types has not yet been assembled into a unified format for effective analysis. Moreover, the geochronological data needed to quantify the uncertainty associated with the timing of palaeoclimate changes are rarely archived.
Building on previous Holocene palaeoclimate syntheses from the Arctic (CAPE, 2001; Bigelow et al., 2003; Kaufman et al., 2004; Sundqvist et al., 2010) , we present a compilation of previously published proxy climate time series from north of 58 • N latitude. All of the records extend back to at least 6 ka; nearly half of the sites (44 %) in the Holocene database extend to 10 ka, and 82 % extend to at least 8 ka. We expand on previous work by including the entire time series of proxy data (rather than single time-slice values) and a wider array of proxy types, and by quantifying the temporal resolution of each record. Assessing the patterns of palaeoclimate change through space and time requires accurate chronological control, but the accuracy of the underlying geochronology varies among the proxy records. We therefore present a scheme for rating the geochronological accuracy of sediment-based proxies, the dominant source of Holocene proxy data in the Arctic. Comparing proxies to the output of earth system models also requires clear articulation of the climate variables represented by proxy records. We therefore present a scheme for characterizing the proxy climate variables. We also present the design of the database fields, the procedures and protocols used to populate the database, and we summarize its contents. Version 2.0 of the database is included with this paper; it is an update of version 1.0, which was published along with the earlier Discussion Paper (Sundqvist et al., 2014) , and is available at NOAA Paleoclimatology 1 along with any future revisions.
Procedures and protocols
A vast assortment of unique Holocene proxy climate records is available from the Arctic. Developing a uniform database of proxy climate records requires a systematic approach to handle a data set based on such heterogeneous input. The database represents an extensive search of proxy climate records published prior to November 2013. A list of other Holocene palaeoclimate records that were considered but that did not meet the criteria for inclusion in this database is also included to document the scope of our search and to provide an annotated bibliography for future studies (Supplement Table S1 ). All proxy types were included from both terrestrial and marine environments, although we did not attempt a review of marine ice-rafted-debris records, which can have a complicated and variable relation to climate. Some proxy records have been calibrated using statistical procedures over the instrumental period to infer palaeoclimate change, assuming that the processes that control the proxy remain constant downcore (Tingley et al., 2012; von Storch et al., 2004) . Other proxies rely on transfer functions based on the calibration of contemporary environmental gradients (Birks et al., 2010; Juggins and Birks, 2012) , or the modern analogue technique (MAT), which uses the similarity between modern and fossil assemblages (e.g. Guiot and de Vernal, 2007) . Unlike most proxy data compilations, we considered proxy records regardless of whether they were calibrated to a specific climate variable, provided that a peerreviewed study had demonstrated a clear relation between the proxy and climate. Temperature-sensitive series from different proxy types can be combined to assess patterns of change spatially and temporally, regardless of the magnitude of the change (e.g. Fischer, 2002; Ljungqvist et al., 2012) . For some sites, the database also includes the time series of properties from lake and marine sediment that were not interpreted in terms of a specific climate variable, but might give insight into other palaeoenvironmental changes.
The workload for generating a comprehensive data product was distributed among the co-authors of this study. The Arctic was subdivided into six regions (Fig. 1) and a representative from each region led a team of experts who conducted a comprehensive review of the literature, assessed the suitability of proxy records, identified the key proxy records from multiproxy studies, helped gather the numerical data, and checked the accuracy of the metadata and data. The six regions were delineated based loosely on the present-day spatial pattern of the Northern Annular Mode (Arctic Oscillation) as expressed by its correlation with summer temperature -the climate variable most frequently reconstructed by the proxies in the database. While regional representation brings expert knowledge to this project, the database comprises a coherent compilation of records from across the circumpolar Arctic that can easily be combined or subdivided to address specific research questions. The six regions (and their project leaders) are (1) Alaska and Yukon (D. S. Kaufman), (2) mainland Canada (L. C. Cwynar), (3) Canadian Arctic Archipelago and Greenland (J. P. Briner), (4) North Atlantic including Iceland (H. P. Sejrup), (5) Fennoscandia (H. Seppä) , and (6) Arctic Russia (D. A. Subetto). In addition, to facilitate community-wide input, a call for participation was made at professional meetings (e.g. Kaufman, 2011) , the project was announced on the Past Global Changes (PAGES) website, and an open-source outlet with a public discussion phase was chosen for the publication.
Age uncertainty in proxy time series is a fundamental limitation in reconstructions of past climate, especially for those aimed at assessing the synchronicity of change across a region. To address this, we developed a systematic, reproducible, and flexible scheme for judging the overall accuracy of 14 C-based age models from sedimentary sequences and applied it to the database (Appendix A). This required the recovery and input of the original 14 C data for each of the sediment-based records. These data are critical for updating and standardizing age models, as well as calculating agemodel ensembles that will enable a statistical approach for quantifying uncertainty in the time domain.
Selection criteria
The criteria for the inclusion of an individual palaeoclimate record in the database are the following:
(i) Located at northern high latitudes. The database includes records from north of 58 • N. We recognize that this is only one of many approaches to delimiting the broadly defined Arctic region. We chose a latitudebased cutoff because it is easy to apply, and 58 • N is far enough south to encompass nearly the entire subarctic zone. The database can be sorted by latitude to select the more strictly defined Arctic sites.
(ii) Demonstrated relation with a climate variable. The database includes proxy records of all types that have been used to quantify past changes in temperature, moisture, and other climate variables. In addition, to expand the coverage of the database, and recognizing that some research questions can be addressed by knowing the timing and direction of climate change, we also include proxy records that have not been transformed into quantitative estimates of climate variables, but that have been interpreted by the authors of the original study as relating to one or more climate variables.
(iii) Continuous time series that include (at minimum) the entire 6-2 ka period. Our interest is the entire postglacial period, but most proxy records do not extend through the Holocene. We excluded records that did not go back to at least 6 ka. Likewise, some records do not extend up to the present and we excluded those that did not extend to at least 2 ka. Our database complements and was developed in concert with the proxy database focused on the last 2000 years, which is overseen by the Past Global Changes (PAGES) Arctic2k Working (iv) Resolved at submillennial scale. The sample resolution of each record was calculated as the average time between data points for the period of common overlap for all records (6-2 ka), and two standard deviations of that average was used to quantify the regularity of the data spacing. We included records with an average sample resolution of at least 400 years and two standard deviations of less than ± 200 years.
where R represents the sample resolution in years, t 1 the age of the first data point older than 2 ka in the proxy time series, t n the age of the last data point younger than 6 ka, and n the number of data points between 6 and 2 ka. This minimum resolution likely suffices for resolving submillennial patterns.
(v) Age constrained. We included records with age models constrained by at least one age every 3000 years back to 6 ka (i.e. a minimum of 3000 years between ages). Sediment cores that lack a 14 C age younger than 3 ka were rejected. This initial screening retains a high proportion of the available records (∼ 60 %), while recognizing that such coarse age control is insufficient to address questions that require centennial-scale accuracy. The age of the sediment core surface was included as an age-control point, provided that the sediment-water interface was preserved during sample collection.
(vi) Peer reviewed. All proxy records including palaeoclimate estimates in the database have been published in the peer-reviewed literature. The digital data for some sites were available through online data sources (67 out of 170), but the data from most of the sites were obtained directly from the authors of the original studies (103 out of 170) and are now being released as part of this data product. The limited number of records available through online archives underscores the usefulness of this database.
Database structure and fields
The database includes a single Excel (.xls) file containing the metadata for all sites (reproduced here as Table 1), and six Excel (.xls) files containing the primary proxy and geochronology data. Version 2.0 of the database is available as a Supplement to this article and at NOAA Paleoclimatology 1 . Any revisions will be posted at NOAA Paleoclimatology. The files are subdivided by region and each comprises sheets containing the primary data for each 2 http://ncdc.noaa.gov/paleo/study/16973. site. In addition to these spreadsheet-based files, the database is configured in a self-describing and machine-readable format to interface with the Virtual Paleoclimate Laboratory in R (vplR; McKay et al., 2012) . In this format, the data and metadata are structured in a flat text file that is easily read into structured arrays for data analysis or converted into alternative formats. In addition to the citations to the published records included in this database, we include a bibliography with citations to studies that were considered for inclusion in this database, but did not meet the specified criteria (Supplement Table S1 ).
Proxy and geochronology data
The proxy data for each site are listed in a separate sheet within each of the six regional files (Supplement). Each sheet contains the individual proxy records, including the depth and age of each of the samples used to develop the time series. The ages are from the published versions, except a few that were updated by calibrating 14 C ages to calendar age using the online version of Calib v5. Details about the sample thickness represented by each data point are included where they are available from the original publication, or when conveyed to us by their authors. This information is needed for precise determination of the smoothing effect of the sampling scheme. Each site-level sheet includes a table listing the individual 14 C ages used to develop the age model for lake and marine cores, and U-Th ages for speleothems. Any supplemental age control including short-lived isotopes and tephras are also noted. This information was used to calculate the "geochronology accuracy score" (Appendix A).
Metadata
The metadata file (Table 1) includes basic information about the records contained within the database, with one entry (row) for each site. Some sites include multiple proxy records and their metadata are consolidated into a single row using a logical punctuation scheme to separate individual inputs and to connote modifiers (Table 1 , notes). The data fields contained within the metadata include site location, type of proxy information (archive and proxy type), length of the record (youngest and oldest record ages), and reference to the original publication(s). In addition to conventional metadata, we have included several parameters for each proxy record that add functionality to the database by providing key variables for filtering the data to identify those records that best address a particular research question. These are outlined below:
Resolution. The average sample resolution and regularity of that spacing (Eq. 1) are listed. If the site includes multiple proxy records, the best average resolution is entered.
Author-interpreted climate variable. This is a series of six fields describing the specific climate variable(s) represented by the proxy record. It encodes the proxy-climate relation as Table 1 . Sites with proxy records in the database arranged by six Arctic regions. Some sites include more than one proxy record (see Table 2 ). (Notes: Site short name: title of tab in excel spreadsheet -database with proxy and geochronology data. Punctuation for proxy types connotes the following: x.y -x: general type of analysis, and y: specific type of analysis or material (e.g. "d 18 O.foram": oxygen-isotope of foraminifera); x, y, z -different proxy records from the same site. Proxy type abbreviations as follows: BSi: biogenic-silica content; DBD: dry bulk density; MAR: mass accumulation rate; MS: magnetic susceptibility; N, C, S: nitrogen, carbon, sulfur; OM: organic-matter content; TOC: total organic carbon. Oldest and youngest ages are in calendar years before AD 1950 (yr BP). Chron score: geochronology accuracy score calculated using the formulas and weighting factors in Appendix A and the " 14 C material" type listed in the adjacent column.) (6) Quantitative reconstruction -"quantitative" proxies have been transformed or otherwise calibrated to quantitative estimates of temperature ( • C), precipitation (mm year −1 ) or other climate variables, whereas "'uncalibrated" proxies have a clear relation to one or more climate variables, but have not been transformed into quantitative estimates. Geochronology accuracy score. The vast majority (93 %) of the proxy records in this database are from Holocene sediments sampled from lakes and oceans. Because the sediment in these environments accumulates relatively continuously, the ages of samples between dated horizons can be interpolated with reasonable certainty. For these materials, 14 C analysis is the primary source of the geochronology. To rate the accuracy of age models from 14 C-dated sediment sequences, we developed a procedure that is systematic and reproducible and that focuses on the most important factors that determine the overall accuracy (Appendix A). To facilitate its widespread utility, the simple algorithm is written in the open-source statistical package, R (available at: http://www.cefns.nau.edu/~npm4/). The score is based on the most basic and frequently published information about the materials used for 14 C analyses and the resulting age-depth trends. The input variables are (1) the original 14 C ages, including their analytical uncertainties; (2) the age of the core surface (sediment-water interface) if known; (3) sample depths in the core; (4) number of ages rejected by the original author; and (5) material type (one category for the suite of ages; Appendix A).
The accuracy of sedimentary age models depends on the extent to which the constraining ages reliably represent the true timing of sedimentation. The precision of the analyses (the laboratory-reported counting error) might account for only a small part of the overall uncertainty. More important is the extent to which the material dated actually represents the age of the downcore property of interest. Dissolved carbon derived from old sources and incorporated into organisms and minerals that grow in the water (the so-called "hardwater effect"), or the lag between when an organism grows versus the time it is incorporated into the sedimentary sequence (built-in age) can result in ages that are older than the true age, whereas post-depositional contamination by younger carbon can result in ages that are too young. Many studies have demonstrated the systematic offset between 14 C ages of bulk sediment versus the ages of plant macrofossils and tephra layers that they contain (e.g. Wolfe et al., 2004; Grimm et al., 2009 ). The carbon within bulk sediment may be derived from multiple sources, some of which can be much older than the time of final deposition at the lake or ocean floor. For dating of marine sediments with 14 C, determining the marine reservoir effect at a given location through time is an additional challenge. This uncertainty, which is caused by the mixing of old deep water with younger shallow water, may be on the order of several hundreds of years. Identification of well-dated tephras has overcome this problem in some cases.
The accuracy of the geochronology is also determined by the number of ages used to delineate the trend in sedimentation rate relative to the extent to which the sedimentation rate varies at a core site. Where sediment accumulates uniformly through time, fewer ages are needed to determine the trend than for basins that experience variable sedimentation rates. Previous studies that have included an assessment of geochronological accuracy have relied on the difference between the age of the nearest dated sample and the event of interest (e.g. Blois et al., 2011) . This strategy is difficult to implement for studies that do not focus on a particular time slice. In addition, the approach assumes that each 14 C age is equally accurate, rather than assuming that different ages might have different accuracies and that the overall trend defined by several ages might average out the random errors or shift a biased age toward the more accurate ages in a series. The chron scores for the 150 age models in the database range from −4.2 to 6.9 and average 0.8 ± 2.1 (1σ ), with higher values signifying more accurate age models (Table 1) . Using the weighting factors listed in Appendix A, the chron scores correlate about equally with the delineation of the downcore trends (D values; r = 0.77) and sample quality (Q values; r = 0.78), and less with the precision (P values; r = 0.53). The weightings can be modified to emphasize any of the variables. We recognize that judging the quality of sample material and weighting the various factors that influence accuracy is subjective. Nonetheless, the rating scheme explicitly recognizes the key factors that influence the geochronological accuracy of sedimentary sequences that do not lend themselves to conventional statistical approaches, and assigns reasonable numerical ratings based on a simple, reproducible, and customizable procedure.
Database contents

Number, distribution and resolution of records
The records included in this database were largely identified through literature searches as part of previous Arctic Holocene syntheses (e.g. Kaufman et al., 2004; Sundqvist et al., 2010) , and from the NOAA Paleoclimatology and PAN-GAEA databases. We searched these archives for all records located north of 58 • N latitude that span from at least 6 to Figure 3. Geochronology accuracy score (chron score) versus sampling resolution for records in the database. Records from trees and glacier ice are arbitrarily assigned a chron score of 7. Highly resolved records (better than 100 years on average) with high chron scores (> 0) are enclosed by the square and their location is plotted in Fig. 4. 2 ka, but most of the records did not meet the criteria for inclusion in our database. We considered proxy records from nearly 500 sites ( Fig. 2a ). Of these, records from 170 sites met the stated criteria (Table 1) and 326 did not ( Supplement  Table S1 ). Many sites include more than one proxy record and the metadata for each time series are listed individually in Table 2 .
The geographical distribution of the accepted records is far from uniform (Fig. 2b) . The density of sites is comparatively high in Fennoscandia (65), the Canadian Arctic Archipelago and Greenland (35), Alaska and Yukon (30), and the North Atlantic (24). Coverage of sites that meet our criteria in mainland Canada is sparse (12), and we found only a few records in all of the Russian Arctic that meet the specified criteria (5). The lack of available data from the Russian Arctic, the largest Arctic landmass, is striking. Although we reviewed many published climate reconstructions from the region, most had insufficient temporal resolution or geochronological control, and most lack digital data (Kheshgi and Lapenis, 1996) . Digitizing the data from the published graphs is not satisfactory because the time series for many of the Russian Arctic records appear to be drawn by hand rather than by a specified, reproducible mathematical routine, and without displaying the underlying time-series data.
The resolution of a proxy time series depends on its sample resolution along with the time averaging inherent within a given proxy. For example, sediment that accumulates in small lakes integrates climate conditions over a longer timescale than does the ice comprising an annual layer of a glacier. While keeping this limitation in mind, we can summarize the temporal resolution of proxy time series in the database (Fig. 3) . Except for the Russian Arctic, records with subcentennial resolution are available from all regions. At decadal resolution, only eight sites are available. Generally, productivity indicators such as biogenic silica and organicmatter content are more highly resolved than palaeoecological data (e.g. pollen, diatoms, chironomids). Areas with comparatively high density of records with decadal resolution include Fennoscandia, the Canadian Arctic Archipelago and Greenland, and Alaska and Yukon.
Proxy types
The database includes records from all types of natural archives that have been analysed for a variety of physical and biological properties. Each proxy has a characteristic response time and sensitivity to climatic variations, and each responds to different aspects of climate. Different proxies from the same geological archive can therefore yield different inferences about the nature, timing and magnitude of palaeoclimatic change. The types of proxy records and their sources are briefly summarized below.
Lake sediments
Most (60 %) of the records come from lake sediments. Lakes are the most widely distributed source of proxy climate information from the Arctic. They provide a continuous archive of climate-sensitive materials that originated within the lake (e.g. aquatic biota such as diatoms and chironomid remains) or from the surrounding catchment (e.g. pollen). Arctic lakes are sensitive to climatic changes because relatively small shifts in, for example, temperature impact duration of ice cover, the radiation and water balance of lakes, and the physical, chemical, and biological characteristics of their catchments, often resulting in major shifts in limnology (e.g. Smol and Douglas, 2007) . The records in this database rely on sedimentological, biological, and isotopic indicators including chironomid, diatom, and pollen assemblages; spectrally inferred sedimentary chlorophyll a; biogenic-silica content; dry bulk density; ostracode magnesium-to-calcium ratio (Mg / Ca); oxygen isotope composition (δ 18 O); assemblages of microfossils; and the carbon isotope ratio (δ 13 C) of bulk organic matter. Many proxies reflect changes in summer temperatures, a primary control on many physical and biological processes in lakes at high latitudes. Some reflect other aspects of the climate system, including nutrient availability, length of the growing season, length of the ice-free season, windiness, and storm-track trajectories, to name a few. Lakes Table 1 for explanation of punctuation and abbreviations for proxy types; see text for discussion of "proxy climate variable"; site short name: title of tab in excel spreadsheet -database with proxy and geochronology data; vplR record: time series heading within the proxy data sheet; statistical detail abbreviations as follows: ML: maximum likelihood, MAT: modern analog technique, RESP: response surface, PLS: partial least squares, SDF: speleothem delta function, WAPLS: weighted-average partial least squares; unit abbreviations as follows: smow: standard mean ocean water, pdb: pee dee belemnite, cgs: centimeter-gram-second system, psu: practical salinity unit; climate variable explanations as follows: ELA: equilibrium-line altitude, eff: effective.) Proxy can also act as a depository for terrestrial-based proxies, such as pollen from arboreal trees or the accumulation of rock flour from glacier runoff that do not reflect changes within the aquatic system. Multiproxy indicators from both aquatic and terrestrial sources provide independent lines of evidence that can corroborate shifts in Holocene climate.
Chironomids. Chironomids (Diptera: Chironomidaenon-biting midges) spend part of their life cycle in the bottom waters of lakes. Summer temperature is an important driver of chironomid species distributions, and the utility of chironomid larval remains for palaeotemperature reconstructions is well established (e.g. Walker, 2001; MacDonald et al., 2009; Eggermont and Heiri, 2012; Brooks et al., 2012) . Chironomids are abundant and well preserved in many Arctic lakes, and calibrated chironomid temperature transfer functions have been developed for multiple Arctic regions (e.g. Barley et al., 2006; Brooks and Birks, 2001; Francis et al., 2006) . Twenty-five records in this database rely on chironomid species assemblages to develop quantitative mean July air temperature records.
Diatoms. Diatoms (siliceous algae) are commonly studied in Arctic ponds and lakes because they respond quickly and sensitively, although indirectly, to climate change. In Arctic freshwater systems, ice and snow cover are important ecological factors that influence diatom assemblages and are mediated by climate (e.g. temperature, wind, cloud cover; Douglas and Smol, 2010) . For example, a warmer climate and longer open-water period can result in a shift towards a more species-rich assemblage as new diatom habitats become available and, in deeper lakes, can also result in a change in diatom life strategy from mostly benthic to more planktonic assemblages with increased thermal stability and reduced mixing strength (Smol et al., 2005; Rühland et al., 2008) . Diatoms have also been successfully used to track Arctic Holocene tree-line migration through diatom-inferred changes in dissolved organic carbon (DOC) (Rouillard et al., 2011 (Rouillard et al., , 2012 . For example, warmer temperatures during the Holocene thermal maximum followed by a return to cooler conditions during the Neoglacial, led to the advancement (and then retreat) of needle-leaf trees onto (and from) the catchments of tundra lakes for the first time, thereby increas-ing (and then decreasing) DOC delivery to the lake (Pienitz et al., 1999) .
Pollen. The quantitative reconstruction of a large variety of climate variables has a long history, pioneered by Webb and Bryson (1972) , and has been widely applied in the Arctic (e.g. Sawada et al., 1999; Seppä and Birks, 2002; Kerwin et al., 2004; Seppä et al., 2008) and beyond, primarily to reconstruct various parameters relating to temperature and precipitation. The influence of climate on the distribution of plant species and vegetation composition is particularly strong near the distribution limits of plants and in the regions with strong climatic gradients. For example, the position of the Arctic tree line is predominantly controlled by summer warmth and growing season length (Grace et al., 2002; Harsch et al., 2009 ) and past tree line shifts reflect summer temperature changes. In the Arctic, there are also significant annual or subdecadal variations in the pollen values, caused by the pollen productivity response to short-term (annual) summer temperature variability (Barnekow et al., 2007; Kuoppamaa et al., 2009) .
Production indicators. Longer growing seasons at high latitudes as a result of reduced ice-cover duration have often been associated with increased primary production in freshwater and marine systems. Biogenic-silica (BSi) content of lake sediment can be used to infer changes in diatom and chrysophyte abundance, which often account for large portions of aquatic primary production and can be analysed at high resolution (millimetre scale, decadal resolution). For high-latitude lakes, temperature, wind and cloud cover are the major controls for the duration of the ice-free season (Hobbie, 1984; Sagarin and Micheli, 2001) , which influences diatom production (e.g. Smol, 1988; Smol and Douglas, 2007) and thus BSi content. Climate-mediated changes in lacustrine aquatic primary production can also be estimated through visible reflectance spectroscopy that enables quantitative inferences of sedimentary chlorophyll a, including primary chlorophyll a and all its isomers and phaeopigments (Michelutti et al., , 2010 .
Stable isotopes. A growing number of studies have demonstrated the utility of the oxygen (δ 18 O) and hydrogen (δD) isotopic ratio of organic material and carbonates preserved in lake sediment for reconstructing hydroclimatic changes. Although interpreting the isotopic signal from lake sediment is often complicated because isotope fractionation is also influenced by other factors such as temperature (Leng and Marshall, 2004) , the interpretation of downcore trends can be guided by comparing the isotopic records with values analysed from modern lake water and precipitation in the study area. Most δ 18 O-based lake reconstructions use carbonates associated with calcifying Chara algae, but some are based on ostracodes and siliceous diatoms. δD-based reconstructions use leaf wax biomarkers, which can reflect the isotopic composition of growth water, local precipitation or lake water used by a plant after modification by evaporation and biosynthetic fractionation (Sachse et al., 2012) .
Marine sediments
The records from marine sediment account for 32 % (103), nearly all from the North Atlantic. Of the 27 marine sites included, 11 are represented by time series for more than one proxy type. Most of these relate to changes in sea surface temperature (SST) or subsurface temperature. Some provide additional information on sea-ice cover occurrence and concentration.
Diatoms, dinoflagellates and haptophyte algae that relate to phytoplanktic productivity in the photic zone provide information on the properties of the upper water layer and SST. When opal silica is preserved in sediment, diatom assemblages can be used as a proxy for SST (Koç et al., 1993) . Some diatom species are associated with spring sea ice and produce organic biomarkers (IP 25 ) that are used as tracers of seasonal sea-ice occurrence (Belt and Müller, 2013) . The ratio of unsaturations in alkenones derived from haptophyte algae (U K 37 ) is dependent upon the temperature and can be used to estimate SST, although the occurrence of four double bonds, which is frequent in polar and subpolar environments, may obscure the temperature signal (Rosell-Mélé and McClymont, 2007) . Organic-walled dinoflagellate cysts (or dinocysts) resulting from sexual reproduction are usually well preserved in sediment. The distribution of species depends mostly upon the seasonal cycle of temperature and the extent of sea-ice cover. Large databases of modern species distributions covering the Northern Hemisphere have enabled MAT reconstructions of sea-surface parameters including SST, salinity and sea-ice cover concentration (de Vernal and Marret, 2007; de Vernal et al., 2001 de Vernal et al., , 2013 .
Planktic foraminifera, which are heterotrophic and stenohaline, often inhabit subsurface waters, especially in polar environments marked by strong stratification of the upper water column (e.g. Kucera, 2007) . Hence, δ 18 O values and Mg / Ca values of their shells relate to the properties of sea water at the calcification depth and provide information on subsurface temperature and water mass stratification.
In temperate to subarctic oceanic environments, planktonic foraminifera may be used for SST estimates based on transfer functions or MAT (Kucera et al., 2005) .
Benthic organisms including foraminifera and ostracods (e.g. Jennings et al., 2004; Sejrup et al., 2004b; Olafsdottir et al., 2010) can also be used to qualitatively reconstruct temperatures at the bottom of the ocean, but their interpretation is rarely unequivocal (Seidenkrantz, 2013) .
Glacier ice
The database includes 10 ice-core records from Greenland and ice caps in the Canadian Arctic. Geochemical properties such as δ 18 O provide information on the isotopic composition of precipitation, air temperature, and atmospheric circulation at the time of formation, whereas annual layer thickness and structure can provide information on precipitation accumulation rate and annual melting of ice. Annual layer counting provides tight geochronological control that approaches annual resolution. In the recent decade, the timescales for the Greenland ice core records have been reconciled using the GIC05 (Greenland Ice Core version 5) chronology (Vinther et al., 2008) . Canadian ice cores, including the Agassiz ice core, adopt the ages of prominent volcanic acid layers from GIC05 for chronological control.
Speleothems
Speleothems are formed when calcium carbonate precipitates from ground water seeping into limestone caves (Fairchild and Baker, 2012) . Stable oxygen and carbon isotopes, trace elements and width of annual lamina are all influenced by surface conditions (e.g. McDermot et al., 2004 McDermot et al., , 2010 Fairchild et al., 2006) and can be used to infer past changes in temperature, hydroclimate, and vegetation. The database includes only two speleothem records, both from northern Norway (Lauritzen and Lundberg, 1999; Linge et al., 2009) . From this area, a negative relation between temperature and δ 18 O has been inferred.
Peat
Vast peatlands have developed in northern North America and Eurasia since the last glaciation and much of the world's peatlands are in subarctic and boreal regions of Canada, Siberia, Fennoscandia and Alaska. Climate changes can be reconstructed from the degree of peat humification as an indicator of dry/wet mire surface conditions, and from stable isotopes in peat mosses. Proxy records from peat deposits can often provide a higher temporal resolution than sediment records from Arctic lakes and ponds (e.g. Brown et al., 1994; Gaiser and Rühland, 2010) . The database includes peat records from five sites: four based on humification indices from Fennoscandia (Borgmark and Wastegård, 2008; Vorren et al., 2007 Vorren et al., , 2012 and one based on δ 13 C from the Canadian mainland (Tillman et al., 2010) . 
Tree rings
Tree rings can provide information about past temperatures or moisture, based on measurements of ring widths or maximum latewood density (Jones et al., 2009) . Only a few treering records that extend to 6 ka are available from the Arctic (e.g. Grudd et al., 2002; Helama et al., 2010) , all of which are interpreted as records of summer temperature. Using the approach of individual standardization of each tree-ring record, the maximum wavelength of recoverable climatic information is a function of the lengths of the individual tree-ring series and therefore tree-ring width does not express the full range of millennial timescale temperature variation (e.g. Linderholm et al., 2010; Helama et al., 2012) .
Climate variables
The majority (56 %) of the proxy records in the database have been transformed or calibrated to a specific climate variable. These are based on microfossil assemblages, treering widths, and stable-isotope composition. Most (> 90 %) of the calibrated records in the database use transfer functions or MAT to infer temperature from biological remains. The uncertainties that have been estimated for the reconstructions vary with differences in statistical methods and in calibration data sets; e.g. for pollen-based reconstructions, reported uncertainties range from 0.2 • C (Kerwin et al., 2004) to 2.5 • C (Andreev et al., 2005) . The largest calibration uncertainties are associated with pollen reconstructions of winter temperature and the smallest are for the pollen reconstructions of summer or annual temperature, and reconstructions based on diatom assemblages. Pollen assemblages are generally highly correlated with summer temperature in areas with a short growing season, or with annual temperature in areas with a longer growing season (e.g. Seppä et al., 2009) . Generally, calibration and other uncertainties are large relative to the small amplitude of most Holocene climate change. The original data sources (cited here for each study) characterize the unique uncertainties associated with each reconstruction.The remaining proxy records indirectly track changes in climate variables and the relation between the proxy and climate variables for these uncalibrated proxies may not be linear.
Temperature
The database includes 116 records of reconstructed terrestrial summer temperature, with an additional 25 records that represent mean annual temperatures and 15 for mean winter temperature. From the marine sites there are four reconstructions of SST and four of bottom-water temperature.
Moisture
Moisture proxies include properties that have been interpreted in terms of the amount of precipitation, effective mois- ture (precipitation minus evapotranspiration), lake levels, bog-surface wetness, or drought. They relate to hydroclimate variability. The database includes 48 moisture records. Quantitative estimates of precipitation are available only from pollen records and glaciolacustrine sediments.
Glacier extent
The equilibrium-line altitude (ELA) of glaciers is controlled by the effect of ablation-season (summer) temperature, which acts to reduce glacier mass (e.g. Koerner, 2005) and winter precipitation (which increases glacier mass). Glaciers advance and retreat in concert with persistent ELA change; glacier size influences the amount and grain-size distribution of sediments carried by meltwater streams. These changes can be detected as changes in the bulk density and organic-matter content of sediment in proglacial lakes (e.g. Bakke et al., 2005) . The ELA records are all from western Norway and carry a strong winter signal as these glaciers are mainly controlled (60-80 %) by change in snow accumulation (Nesje and Matthews, 2012) .
Atmospheric circulation
For high-latitude lakes not sensitive to evaporation, the δ 18 O of carbonates, diatoms, or cellulose can be used as a proxy for past changes in the δ 18 O of precipitation (Leng and Marshal, 2004; Jonsson et al., 2010) . The δ 18 O of precipitation preserved in glacier ice from this region is generally used as a proxy for palaeotemperature (Vinther et al., 2010) but in some areas (e.g. Yukon) it is more sensitive to the watercycle history and can be used as a proxy for source region (e.g. Fisher et al., 2008) . Because different air masses usually have distinct isotopic compositions, these records can give insights into past changes in atmospheric circulation. Oxygen isotope records have, for example, been used to reconstruct Holocene changes in the intensity and position of the Aleutian low-pressure system (Schiff et al., 2009 ) and the strength of the North Atlantic Oscillation (NAO) (e.g. Hammarlund et al., 2002) . The database contains seven δ 18 O records interpreted to reflect atmospheric circulation.
Concluding remarks
Proxy climate records from the 170 sites that meet the criteria for this database form a network for investigating the spatio-temporal structure of Holocene climate changes in the Arctic, at least on submillennial timescales. On centennial timescales, the number of records with the appropriate resolution and geochronological control is more limited, but probably sufficient for discerning centennial-scale patterns in most regions (Figs. 3, 4) . Overall, records from 44 % of the sites across all regions have both an average resolution better than 100 years and a chron score higher than 0 (an arbitrary cutoff that includes 61 % of the 14 C-dated sites). In Fennoscandia, where the density of sites is highest, only 35 % of the sites meet this standard, compared with 40-67 % for the Canadian islands and Greenland, mainland Canada, and the North Atlantic and Iceland. In the Alaska and Yukon region, the distribution of resolutions is bimodal, subdivided between sites with pollen records versus nonpollen records. No proxy records meet this standard in the Russian Arctic. On decadal timescales, the number of records is presently too few to discern significant patterns, especially when considering limitations related to geochronology and proxy bias, which can include leads and lags relative to the climate forcing.
We suggest that this systematic review of the full range of marine and terrestrial proxy climate time series sets a new standard for Holocene proxy climate databases. It is based on quantitative screening criteria with new approaches for assessing the geochronological accuracy of age models and for characterizing the climate variables represented by the proxies. Records from only 67 of the 170 sites (39 %) included in this database were found in the primary palaeoclimate data repositories using the search criteria specified for this database, underscoring the important role of communitybased, expert-informed efforts to assembling a comprehensive product. The machine-readable database includes multiple parameters for searching and screening records that should enable new analyses of Holocene climate variability in the Arctic and identifying future research priorities.
H. S. Sundqvist et al.: Arctic Holocene proxy climate database Appendix A: Geochronology accuracy score
The geochronology accuracy score (chron score) combines three indicators of the reliability of sediment-based age models, namely, the delineation (D) of the downcore trend, the quality (Q) of the dated samples, and the (P ) precision of the 14 C ages.
Delineation of downcore trend. The accuracy of an age model depends on how well the analysed samples delineate changes in sedimentation rate downcore. If the sedimentation rate is linear, then only two ages are needed to define it. With increasing variability of sedimentation rates, more ages are required to delineate accurately the downcore trend. In absence of stratigraphic information that attests to where within a sequence the sedimentation rate is most likely to have changed, evenly spaced samples increase the chances of capturing changes in sedimentation rate compared with the same number of ages clustered in small intervals. We therefore assess the extent to which an age model is accurately delineated by combining three attributes: (1) the frequency of ages, (2) the regularity of their spacing, and (3) the uniformity of the downcore trend.
The frequency of ages (f ) is quantified as the number of ages relative to the length of time represented by the sedimentary sequence, or f = (t max − t min )/n tot , where t max and t min are the oldest and youngest ages, respectively, and n tot is the total number of ages that were accepted by the author of the age model. The age of the core surface is included if the sediment-water interface was captured at the time of coring.
The regularity (r) of a series of ages is quantified by the standard deviation of the length of time that separates consecutive ages, or
where σ is the standard deviation, and t n − t n+1 is the difference in time between the nth age and the next older age, as assessed for each age in a series. The absolute value is used for downcore age reversals.
The uniformity (u) of the trend is quantified as the root mean standard error (RMSE) with respect to a cubic smoothing spline with a degree of freedom (d.f.) of 4. If the spline fit contains a reversal, then the d.f. is lowered incrementally until there are no reversals in the spline fit.
The three attributes that make up the age-model D can each be weighted to adjust their relative importance in the overall D score:
where w f , w r , and w u are weighting factors. Because the frequency of ages is fundamental to the accuracy of the age model, and because the RMSE is generally a low value, we chose to increase their weight in the overall score. Namely, we set the weighting factors of 2, 0.5, and 3, respectively. The D value increases with decreasing delineation.
Reliability of dated samples. The accuracy of age models generally depends on the type of material analysed, with some material types typically yielding ages that more closely represent the timing of deposition than others (e.g. Wolfe et al., 2004) . In addition, the influence of contamination by young carbon, or the reworking of older material into younger sediment is often indicated by ages that violate stratigraphic superposition. We therefore assess the "quality" of dated materials based on two criteria: (1) the proportion of outliers and stratigraphically reversed ages, and (2) a qualitative (categorical) score based on the type of material dated.
Standard practice is to report the results of all radiocarbon analyses from a core or series of cores, then to identify and exclude the outliers if they exist. These analyses are indicated as rejected by the authors of the original age model. Minor age reversals are often retained in the age model, and the sedimentation-rate smoothing function is used to average the differences. In our scoring scheme, the proportion (p) of outlier and stratigraphically reversed ages is the number of ages that were rejected by the original author, plus the number of stratigraphically reversed ages relative to the total number of dated samples, or p = 1 − (n rej + n rev )/n tot , where n rej is the number of ages rejected by the original author and therefore not included in the list of ages used to calculate the D score, n rev is the number of ages that are at least 100 years older than the next age downcore. The proportion is subtracted from 1 so that higher p values signify a higher proportion of accepted and monotonically arranged ages.
We developed a fivefold classification scheme for the types of material (m) used for the 14 C analyses. A value of 1-5 is assigned to the entire series of samples, depending largely on the extent to which they comprise reliable types of sample material based on a specific set of criteria (see below). A value of 5 is reserved for age models that have been checked by independently derived ages from correlated tephra layers or 14 C wiggle matching. Separate classification schemes were developed for lacustrine and marine materials. m values for lacustrine materials: 5: at least one age can be confirmed by tephra or 14 C wiggle matches; no bulk-sediment 4: mainly (> 90 %) plant macrofossils 3: 50-90 % plant macrofossils; bulk-sediment ages can be reasonably adjusted 2: < 50 % plant macrofossils 1: all bulk-sediment ages. m values for marine materials: 5: > 90 % whole, monospecific forams with a constrained reservoir age (at least one well-dated tephra or wiggle match used to determine the reservoir correction) 4: mainly (> 90 %) monospecific forams 3: > 50 % monospecific forams and articulated mollusks 2: mixture of sample types: fragmented and whole; monospecific and mixed species 1: mainly (> 90 %) fragmented and unidentifiable tests and shells.
To derive a single value for Q of the dated samples, we take the product of the two attributes, the proportion (p) of accepted, monotonic ages, and the material (m) type category, or Q = pm.
Q values increase with increasing sample quality.
Precision. All radiocarbon laboratories report the ±1σ analytical precision associated with the internal reproducibility of the counting statistics for 14 C ages. The analytical precision is controlled by the mass of carbon used for AMS (accelerator mass spectrometry) analysis, or the activity of the sample used for decay counting methods, and the length of time that the sample is analysed on the instrument. The extent to which the overall accuracy of an age model is influenced by the analytical precision is difficult to quantify. In general, analytical precision is on the order of decades, but the uncertainty is amplified when calibrated to calendar years. We developed a simple index for P , which is based on calibrated age ranges of the 14 C ages using the IntCal04 calibration data set.
where s is the mean 2σ range of all calibrated 14 C ages. The inverse function is used to stratify the precision scores over the most precise end of the range (decadal scale) while de-emphasizing the differences among the less-precise ages (centennial scale). P values increase with increasing precision.
Geochronology accuracy score. The overall score (G, chron score) is calculated by summing the weighted values of each of the three components:
where w D , w Q , and w P are the weighting factors, which we set to 0.001, 1 and 200, respectively, so that each component is of the same order of magnitude.
